The aggregation of red blood cells (RBC) is of importance for hemorheology, while its mechanism remains debatable. The key question is the role of the adsorption of macromolecules on RBC membranes, which may act as "bridges" between cells. It is especially important that dextran is considered to induce "bridge"-less aggregation due to the depletion forces. We revisit the dextran-RBC interaction on the single cell level using the laser tweezers combined with microfluidic technology and fluorescence microscopy. An immediate sorption of ~10 4 molecules of 70 kDa dextran per cell was observed. During the incubation of RBC with dextran, a gradual tenfold increase of adsorption was found, accompanied by a moderate change in the RBC deformability. The obtained data demonstrate that dextran sorption and incubation-induced changes of the membrane properties must be considered when studying RBC aggregation in vitro.
Introduction
RBC properties such as deformability and aggregation propensity are the key factors governing microrheological properties of blood [1] . At low shear rates, the reversible formation of aggregates determines blood viscosity and flow resistance, affecting many aspects of in vivo hemodynamics [2] [3] . This process is of interest for clinical applications as well as important for fundamental understanding of cellular interaction mechanisms.
In vivo, the interaction between RBC is mediated by external proteins, which are present in blood plasma, such as albumin, gamma-globulin, fibrinogen etc [4] . Some of these proteins, e.g. fibrinogen, may adsorb on the membrane surface by either non-specific or specific binding [5] , and it is sometimes assumed that molecular "bridging", i.e. formation of intercellular bonds via adsorbed molecules, is responsible for RBC aggregation [6] [7] [8] [9] [10] . The other point of view is that the role of blood plasma proteins in RBC aggregation is due to the formation of depletion layers between the adjacent cells leading to their attraction caused by osmotic pressure [3, 11] . Elucidation of the RBC interaction mechanism in such a multicomponent system as blood plasma is complicated, and thus led to numerous studies of model systems with controlled parameters. Hence, RBC interaction is widely studied in model solutions of polymers, such as dextrans with different molecular weights, which may induce the formation of RBC aggregates. Surprisingly, in this case the mechanism of RBC interaction is also contradictive [6, 7, 11, 12] .
For dextran, its sorption on the RBC membrane has been studied for decades using various methods: electron microscopy [13] , radiolabelling [6, 14] , fluorescent labelling [15] , zeta-potential measurement [14] and flicker spectroscopy [16] . Being a neutral polymer, dextran molecules may penetrate into the glycocalyx and interact with phospholipids and carbohydrate groups on the external surface of the RBC membrane. For instance, Chien et al. [6] experimentally estimated that up to ~9·10 −14 g of radio-labelled dextran 70 kDa can be adsorbed onto a single RBC. The authors conclude that the dextran-induced bridging of adjacent cells is responsible for RBCs aggregation. Cudd et al. [13] demonstrated that dextrans with molecular weight higher than 40 kDa (~4.5 nm Stokes radius) may efficiently protect RBC from low-pH-induced hemolysis by adsorbing and "covering" holes, which appear in the membrane. In their work, the defects in the membrane and dextran adsorption were visualized using electron microscopy. However, it is sometimes considered that RBC adsorption data for dextran, obtained in the early works, are subjected to potential artifacts and are difficult to interpret [17, 18] .
The other well-accepted hypothesis is that the formation of a depletion layer is responsible for RBC aggregation in the presence of dextran [10, 19] . Based on the changes in dextraninduced electrophoretic mobility of RBC, it was suggested that the formation of depletion layers is the major process determining RBCs aggregation [11, 20, 21] . Nevertheless, even when considering the depletion layer formation to be the main effect responsible for cells aggregation, the fact of dextran adsorption is not excluded and the importance of taking it into account when modelling the cells interaction is mentioned [11, 21, 22] , though it is not considered a necessary prerequisite for aggregation [18] . For instance, some authors consider that dextran penetrates into glycocalyx resulting in inhibition of depletion forces, and theoretical estimations predict a dramatic enhancement of cells interaction in the case if the penetration is lacking [23] .
Hence, despite decades of investigation, the problem of quantification of dextran adsorption onto RBC membrane still remains challenging for a proper understanding of its role in the alteration of RBC properties and their interaction. Here we revisit the problem of dextran adsorption on RBC using an approach based on the laser tweezers technique coupled to the microfluidic platform and fluorescence microscopy. The developed method allows for quantifying the fluorescently labelled dextran adsorption on the level of individual cells and is therefore free of such potential artefacts as the trapped fluid [17] , which may be significant when working with a suspension of cells. The time course of adsorption was followed for several hours to investigate the effect of possible alterations of the cells' intrinsic properties, which may occur due to RBC storage or interaction with dextran. Besides the significance of the results obtained for the particular field of microcirculation and blood rheology, RBC membrane is a model used for the studies of interactions of mammalian cell membranes with foreign molecules and their biocompatibility [19] . This fact makes the proposed method for quantification of polymer-RBC membrane interaction of a general significance.
Materials and methods

Single cell level quantification of dextran adsorption on RBC: laser tweezers coupled to the microfluidic platform
The experimental setup used for quantifying the dextran adsorption onto a single RBC was similar to the one used in our previous work [10] . It is based on the inverted microscope (TE 2000, Nikon, Japan), and the schematic layout of the setup is shown in Fig. 1(A) . Optical traps were formed using a laser beam from single-mode Nd:YAG laser (1064 nm, 1.5 W, Ventus 1064, Laser Quantum, UK) reflected by the parallel aligned nematic liquid crystal spatial light modulator (PAL-SLM, PPM X8267-15, Hamamatsu Photonics, Japan) and focused with a large numerical aperture oil immersion objective (N.A. 1.40, 60 × , Nikon, Japan). We used laser power up to 40 mW at the focal point. At the given wavelength and power, the heating of the sample can be considered negligible [24] . The positions of the traps were controlled independently in XYZ-plane within the focal plane of the objective using PAL-SLM. Visual control (in the reflection mode) of the trapped objects and detection of fluorescence intensity of the sample was performed in a transmission configuration using the CMOS camera (ORCA Flash 4.0 V3, Hamamatsu, Japan). When measuring fluorescence signal, the exposure time was set to 33 ms, and 4×4 binning of the images was used. The fluorescence excitation and registration was performed using a mercury lamp (HB-10103AF, Nikon, Japan) and FITC dichroic cube (fluorescein isothiocyanate-filter, Nikon, Japan) with a 480/30 nm excitation and 535/45 nm emission bands, correspondingly. Two values of excitation intensity were used: I 0 ~5 mW, when no filter was used, and I 0 /24, when the ND filter was installed. When measuring the fluorescence signal from the dextran molecules adsorbed on RBC, excitation intensity was set to I 0 , if not mentioned otherwise. In the case of calibration measurements with fluorescence beads excitation intensity was set to I 0 /24. Microfluidic flow control system (MK-1, Elveflow, France) was used to pump the samples through the microfluidic device.
The sample preparation protocol was as follows: (1) fluorescent dextran solution (20 mg/ml, FITC-conjugated dextran 70 kDa, Sigma, catalog no. 46945) was prepared in phosphate buffered saline (PBS, pH 7.4, 290 mOsm, Invitrogen); (2) blood was taken by fingerpick method and a small amount was added to the dextran solution to achieve the final concentration of RBC ~0.05%; (3) the suspension was incubated at 22°C for a certain period of time and used for the measurements. For the experiments with pre-incubation, the cells were kept in PBS for 120 minutes, and then re-suspended in the fluorescent dextran solution followed by additional incubation for a given period of time.
The experimental cuvette consisted of a chamber connected to a microchannel ( Fig. 1(B) ). The chamber was much larger (3×2×0.5 cm) than the microchannel (100×40×30 µm), which was connected to a micro-pump and used to maintain two different solutions. The microchannel chip was made based on PDMS (Polydimethylsiloxane), and attached to the borosilicate cover glass. The larger chamber was also covered with a cover glass to avoid evaporation. Gentle flushing of a solution from the microchannel towards the chamber allowed for maintaining two different solutions. Due to the significant difference in the volumes, we could neglect the changes of the solution in the chamber. The microchannel was initially filled up with PBS solution (S2), afterwards 200 µL of RBC suspension in fluorescent dextran solution was put into the chamber (S1). The diffusion was prevented by continuously flushing S2 towards S1 at flow velocity v flush = 20 µm/s. Test measurements have shown that at the given v flush the diffusion does not take place for at least 30 minutes and the fluorescent signal in S2 remains almost at the level of noise.
In order to measure the adsorption of dextran, we trapped a single RBC with the laser tweezer, and lifted it up by 15 µm relative to the surface, and quickly transferred it from the larger chamber into the microchannel (see Visualization 1, Fig. 1(B) ). Then, the fluorescence signal was recorded as shown in Fig. 1(B) . Typical transition time was below 1 minute. To minimize the discrepancy in fluorescence intensity signal caused by changes in absorption/scattering due to changes in the cell geometry, laser power was kept constant (30 mW) to ensure similarity of RBC shape in the optical trap.
To ensure that the observed RBC fluorescence is due to the adsorption of dextran, but not due to the FITC detachment from dextran macromolecule and its adsorption on RBCs, we performed an additional test using 3 kDa filtration and size-exclusion chromatography, and confirmed that there is no FITC desorption from dextran, at least on the time scale of a typical experiment. FITC-conjugated dextran 70 kDa (Sigma, catalog no. 46945) was used in the adsorption experiments. Previously to the measurements, we verified the absence of free FITC in dextran solution and the absence of FITC desorption from dextran with time. For this, 3 kDa centrifugal filter (Amicon Ultra, Sigma) was used. The solution of fluorescently labeled 70 kDa dextran (20 mg/ml in PBS) was filtered through a 3 kDa membrane, and fluorescence of the solution after filtration was measured. It was observed that only the part of solution, which did not pass through the membrane, exhibited fluorescence, thus confirming the absence of free or desorbed FITC in the system.
For the calibration measurements 2 μm fluorescent red carboxylate-modified polystyrene latex beads (Sigma, catalog no. L3030) were used. To measure the z-profile of the fluorescence detection volume, the bead was moved stepwise in the vertical plane using the PAL-SLM without moving the objective, i.e. the parameters of excitation and detection were kept constant. Positioning of the trap to the center of the excitation beam was performed using the coordinates of the point with maximum fluorescence intensity obtained in the experiments with dextran solution. The error was taken as standard deviation calculated from three independent measurements. Fluorescence intensity was calculated as the average over the 25% of points with the highest intensity. 
Ektacytometry measurements
Ektacytometry measurements were performed to follow up the time course of changes in RBC properties (namely, deformability of the cells) that could accompany the RBC incubation in dextran solution. The measurements were performed using a commercial laser ektacytometer (RheoScan AnD-300, RheoMeditech, Korea) that measures the RBC deformability index (DI), a common parameter used in clinical hemorheology [24] .
The sample preparation protocol was as follows: (1) 70 kDa dextran (Pharmacia Biotech, Sweden) solution in PBS was prepared; (2) whole blood was taken by fingerpick method and a small amount was added to the dextran solution to achieve the final concentration of RBC ~1%; (3) the suspension was incubated at the room temperature (22°C) for a certain period (0-180 minutes); (4) after incubation, the cells were gently centrifuged (300g, 5 minutes) and re-suspended in highly viscous (40 cP) polyvinylpyrrolidone solution to reach the cell concentration of 1%. The final solution was used for measuring the DI. For control measurements, to investigate RBC storage effect, the cells were incubated in PBS, instead of dextran solution.
A diluted suspension of RBC was put into a special chamber, where it was pressure driven and shear-elongated at 37°C. The dependence of RBC elongation on applied shear stress was measured by analyzing the diffraction patterns of the laser beam, passing through the suspension. According to the established algorithm, the isointensity levels of the diffraction patterns were approximated with ellipses, which elongation gradually shrinks along with decreasing shear stress. At certain levels of the latter, the DI was calculated as a ratio between the sum and difference of the longer and smaller axes of ellipse. Figure 2 demonstrates the time course of normalized integral fluorescence intensity for cells moved to the channel with PBS. As RBC are essentially non-fluorescent under the excitation wavelength used (550 nm), the detected fluorescence signal from the cell area was indicative of dextran adsorption. After moving an individual RBC from the solution with fluorescent dextran to PBS, we could observe a significant fluorescence signal (see the insets in Fig.  2(A) ). This process is illustrated in the Visualization 1.
Results
The time course of dextran adsorption onto RBC
As in the channel with PBS, desorption of dextran and photobleaching were observed, which occurred on the time scale of a minute (see Fig. 2 (B) and 2(C); the fluorescence intensity values in Fig. 2(A) were taken as the maximum initial values.
The excitation intensity in Fig. 2 (B) is 24 times higher compared to Fig. 2(C) , while the corresponding decay times are 25 and 100 s. Considering the fact that the rate of photobleaching k bleaching is determined by the excitation intensity I (in the case of a single fluorophore k bleaching ~ I), one can conclude that the decay of fluorescence intensity in Fig.  2(C) is mainly due to dextran desorption form the cell. Hence, the desorption rate was estimated as ~0.01 s −1 . The kinetics of dextran adsorption was followed by measuring the incubation time dependence of fluorescence signal. For this purpose, RBC were sequentially moved to the channel with PBS, and the total times of cells incubation correspond to the values in the Xaxis in Fig. 2(A) . As a result, we observed that dextran adsorption increases gradually as a function of time ( Fig. 2(A) ).
To investigate the influence of RBC pretreatment, adsorption kinetics was measured after 2 and 4 hours of RBC preincubation in PBS. After preincubation, the cells were resuspended in the fluorescent dextran solution in the microfluidic chip, and the time course of fluorescence intensity was studied. In this case, after preincubation for 2 hours the initial signal was close to that in the absence of preincubation, but increased more rapidly with time. Longer preincubation (4 hours) also did not result in the immediate enhancement of signal. As the next step, we aimed at a quantitative estimation of the number of adsorbed molecules per cell. For this, the measurement of the fluorescence detection volume was performed with microbeads as described below.
Quantification of the number of adsorbed molecules
First, to obtain the calibration curve, the microchannel was filled with the solution of dextran at different concentrations and the fluorescence signal was recorded (Fig. 3(A) ). To obtain the calibration curve, we used the following protocol: (1) Empty channel was filled with the solution of fluorescent dextran of different concentration; (2) Fluorescence signal of the sample was measured, and the initial (i.e. maximum) value was used for the calibration curve. The signal was averaged over the central area of the image with the highest intensity, and this area was selected similar for all concentrations; (3) For lower concentrations, exposition was increased, and the detected fluorescence signal was divided by the exposition enhancement (i.e. the intensities were normalized to the exposition); (4) After that, the dependence of fluorescence intensity on fluorophore concentration was plotted (see Fig. 3(A) ).
To properly calculate the number of molecules, which contributed to the overall fluorescence signal, the geometry of the detection volume was assessed. For this purpose, the z-dependence of fluorescence intensity (i.e. the depth of field) was determined using 2 µm fluorescent beads. The bead was trapped and moved in the Z-direction in a stepwise manner relative to the focal plane of the objective. The measurements were performed in the microchannel filled with PBS. The position of the trap was changed by adjusting the PAL-SLM mask parameters while keeping the objective position constant, that allowed moving the trap relative to the excitation beam without changing the geometry of the latter in the sample (Fig. 3(B) ). The fluorescent signal from the bead was strong enough to use low level excitation and avoid photobleaching within the time scales of the calibration procedure. The obtained dependence of fluorescence intensity on z-shift is shown in Fig. 3(C) . We assumed that the excitation intensity is constant along the Z-axis in the detection volume and the obtained Z-profile is due to the depth of field profile of the optical system of the microscope.
The lateral dimensions and beam profile distribution were obtained by processing the images of dextran solution fluorescence. Next, for the detection volume V det = 1.2·10 5 μm 3 , that corresponds to ~10 9 dextran molecules at 10 −3 mg/ml concentration, integral fluorescence intensity was calculated as a sum over the corresponding points of the image obtained for fluorescent dextran solution. When measuring fluorescence I RBC from RBC, the trap is always kept in the center of the excitation beam close to the focal plane, i.e. in this case excitation intensity is set to the maximum value. In case of dextran solution, signal is detected from points with different excitation intensity and detection efficiency. Hence, to compare between the signals for RBC and solution, the integral intensity measured for solution was normalized to the X-Y and Z distributions of intensity. Finally, by comparing the normalized intensity value for a dextran solution with known concentration and RBC, the number of adsorbed molecules was estimated. This procedure yielded 2·10 4 dextran molecules adsorbed per a single RBC in the initial time point, reaching ~10 5 molecules after incubation (Fig. 2(A) ). To estimate the sensitivity of our measurement system, the calibration curve (Fig. 3(A) ) was fitted linearly, and its intercept with the Y-axis was obtained. This value corresponded to the signal from ca 100 molecules, hence, this value vas taken as a STD error (σ), and the detection limit was estimated as 3σ (~300 molecules). When assessing the number of adsorbed molecules, it is assumed that they are distributed uniformly over the RBC surface. Hence, fluorescence would be scattered/absorbed by the cell that would affect the recorded intensity. Namely, both excitation and emission wavelengths for FITC fit into the absorption spectrum of hemoglobin, and one could expect the dependence of the detected signal on the cell geometry. Also light scattering would result in a difference of fluorescence signals from pure dextran solution and dextran adsorbed on RBC, thus making complicated comparison of fluorophore concentration. This would result in a systematically lower signal detected from the same number of free dextran molecules in solution compared to adsorbed molecules. In the worst case (total absorption of excitation and emission signals by the cell leading to "shading" of molecules on the opposite side of the cell) this difference would be almost twofold.
Red blood cell deformability: the effect of incubation with dextran
To verify whether the observed increase in dextran adsorption onto RBC demonstrated in Fig.  2(A) is correlated to changes in the membrane properties, we performed ektacytometry experiments to measure RBC deformability caused by its incubation with dextran. 
Discussio
Joint applicat fluorescence adsorption on cell after incu [6] [11, 22] at can be used a precise mea "bridge"-indu the experimen "-induced [ It is also evident from the obtained results that the time-dependent change of dextran adsorption should be carefully taken into account when studying the RBC aggregation. An enhancement of dextran adsorption (Fig. 2(A) ) is presumably an indication of rapid changes of membrane properties in the presence of dextran or a consequence alteration of the RBC membrane properties, occurring due to the storage. Commonly, the RBC deformability is considered to be stable for 4-8 hours of storage, followed by impaired cells properties, however, changes on shorter timescales have also been reported [19, [26] [27] [28] [29] [30] [31] [32] .
One of the possible reasons for RBC membrane properties alteration could be a gradual ATP-depletion, which impairs the functioning of membrane proteins, thus leading to the broken osmotic balance, as well as structural instabilities. It can be speculated that these structural instabilities could facilitate dextran attachment like in the work of Cudd et al. [13] , where dextran 40 kDa covered the "holes" formed as a result of pH lowering. The penetration of dextran to these "holes" might induce further instabilities, and, as a consequence, lead to enhanced deformability and enhanced adsorption. However, understanding of the mechanisms underlying the increased dextran adsorption on RBC requires additional detailed investigation.
Conclusion
In the present work, we have shown that dextran adsorbs on RBC. This finding is of importance for assessing the RBC aggregation mechanisms, as for both depletion layer and bridge induced interactions, the adsorption is an important factor that has to be accounted for. We also emphasize that measurements of RBC properties should be performed with a great care, as alterations of the membrane properties are observed already after 2 hours of cells incubation in vitro. In general, the developed approach based on combining optical tweezers with a microfluidic platform has prospective for different applications and allows for detecting the adsorption with a high contrast at single cell level. Unlike other methods, it is possible to measure adsorption of macromolecules free of such potential artifacts as trapped fluid between cells. This approach can be used also for selecting specific cells (e.g. by age) and conditions with rapid change of the suspending media without centrifuging, thus extending the possibilities of investigation of intermolecular interactions and macromolecules adsorption.
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